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TUNABLE PARAMETRIC DJSCILLATORS BETWEEN 1.7 um ~ 5,0 pm
INTRODUCT 1 ON

Basically there are three non-linear processes for the production of
tunable coherent radiation betweecn 1.0 um and 5.0 um. These include para-
metric, Raman and Brillioun interactions, The last two are similar "
physical origin, both being a consegquence of the moduitation of the dielectric
constant of the medium by the natural vibrational modes of the medium.! The
incident electromagnetic radiation is icattered with a frequency shift equal
to the characteristic vibrational freguency of the mediun, {n the Raman
effect, scattering from the''optic~ V' modes of vibration causes frequency
sk fts on the order of =ewveral hundred angstroms, whereas, in the Brillioun
effect,scattering from the ''acoust’~al" mndes of vibration causes freguency
shifts on the orde~ of several gigahertz,

Both of rhese last two interactions are restricted to discrete frequency
shifts which are multiples of the natural vibrational modes. in contrast, the
parametric process allows for continuous tuning over a bandwidth limited only
by the transmission spectrum of the optics and by phase matching requirements.

This paper is intended as a review of existing parametric oscillator
designs for the production of tunable radiation between 1.0 pym and 5.0 um,
it is meant to be a general review of the practical requirements in the
design and construction of these oscillators and not a detailed analysis
of the relevant physics. Ample references are given for the reader who
may be interested in 3 more detailed account,

GENERAL DISCUSSION

The optical parametric frequency converter utilizes the non«linear
nature of the induced polarization wave in an optically transpareat medium
to generate sum, difference, and harmonic frequencies.< 3 When ysed in
conjunction with an optical cavity tuned to the new wavelengths, resonant
enhancement of these new frequencies wiil occur at the expense of thz input
frequency or frquencies.3:

Most optical pararetric oscillators are designed to operate according
to second order theory. That is, the induced polarization wave oveys the
relation

B ow )
P ‘oxi“ * pNon-linear (1)

where

= F.E (2)

()i = % 5uF Bk

which is second order 'n the applied fields Ei’ Ex. Equation (2) inserted
in maxweiis equations aiiows fUr eneryy eachanye beiween Linnee c:cx_i.luncg-
netic waves, designated as w, = the ''pumo’ wave, w, - the signal wave and
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w. - the idler wave. These three waves may interact in a variety of ways to
y%eld sum, difference or harmonic frequencies.

In order to make clear jus. what type of processes may occur, iet us
define the following terms:

npifference frequency generation'' is simply written as

where the ''pump" wave w_ mixes with the "idler" wave w, to yield the differ-
ence frequency @, , (sigéal). 0f course, the names “siﬁnal' and idter! are
interchangeable here, the output beam usually being referred to as the signal.
Equation (3) is simply a statement of conservation of energy

Fw, =he -ho (&)

where, from quantum theory, fi = PLANCK's constant/2m. Notice that the pump
wave at wp must have a greater eneryy than the signal and idler waves. This
means that energy is taken from the purp wave anu delivered to the signal and
idler waves as the process continues. ihc signal and idler are oresent
wnitiaily in the form of roise. This interaci on ‘¢ also referred tc as ''down-

conversion'' since both signal and idler are at a lover freqrency, A «pecial
case arises when

= g ;N
w, _0 “/,

! 3

The equation then becomes
w, = 2w, = 2w (6)

This is termed the '‘degenerate! mode of operation, where the signal and idler
have the same frequency, It is also the most efficient form of down-coversion
since both the signal and idler are useable as the 'output,"

For now, let it be stated that this process or interaction will proceed
only if the foiiowing ‘'phase matching condition is satisfied within the
ncn-lnear crystal;

o= Ro-k

! 2 3 (7
4 2n A

where k = Eulhd wavevector 8)
n = index of refraction

i = waveiength




This is simply a statement of conservation of momentum
Rk =h Kk -hK (9)

in the sense of Equation (4).

Other interactions may take place within the oscillator [parametric)
cavity if different phase matching conditions are set u;,. For example,
t'sum frequency’’ generation will proceed if the crystal 's so oriented such
that

- -+ -3
=k, + k 10}
KTkt kg (10)
Here w, =0, + w3, and now energy must be supplied at both , and o
‘or the process to continue, That is, two intensé inputé

are required. Such a process is referred to as ''up-conversion,'' Motice that
if

0, = o, ()

then

@, = sz (12)

which simply corresponds to '‘frequency doubling.'

From the point of view of simplicity and efficiency, up-conversion from
the 5.0 pm end of the spectrum is less desirable than dcwn=conversion from
the 1.0um end of the spectrum due to the added requirement of an intense,
tunable laser input at the idler frequency in the former case.

Hence, broadband tuning over the 1.0 = §5.0um range is most easily
accomplished via down-conversion from 1.0um, This naturally suggests neodymium
as the pump source, which has 12 laser lines begween 0.3145um and 1.339um,
the well known 1.06um line being the strongest,

PHASE MAVCHING

The requirement for phase matching arises from the dispersive nature
of the non-linear media. Basically, since the phase velocity of a light wave
is a function of frequency, the ''signal," 'idler,"” and "pump" will get out
of step ''phase wise'' with each other as the interaction proceeds, thereby
considerably lesscning the interaction process. |n order to '"nhase match ,"
one must ‘‘index match."* This is achieved by taking advantage of the bire=
fringent nature of the crystal,whereby the ''pump' wave ig made to propagatie
a5 &n "extraordinary'' ray while the ''signal' and ''idler'' propagate as ordinary
rays, Other schemes are possible,3:% such as the pump and idler being

3




extraordinary reys and the signal as an ordinsry ray, but usually tena to lessen
the Yeffective non=linearity' of the medium,

propagation relative to the crystalline axis, which will allow all three
waves to have the same phase velocity and, hence, to interact coherently
over the full length of the crystal. This leads to a maximum transfer of
energy from the pump wave to the signal and idler waves,

As stated previously, the phase matched condition for three wave inter-
actions is defined by the relation<:

\
"ol T %, Me2l® * = o3 (13)

where n is the index of refraction at the ith fre uency, 1, 2, 3 correspond
to the signal, pump, and idler wavelengths and o, e representing orﬂinary
and extraordinary rays. The phase matching direction is given by:
=2 -2
"ez(e) " "2

n-z - n-2

02 e2

c0526 =
m

(k)

where 8 defines the propagation direction relative to the crystalline Z=axis
m f . . _— .

n and " n_ are principal indicies of refraction of the crystal and n__(8)

- o . . e2

i$ defined” in the previous equation.

This equation defines a cone of possible phase matched directions abcut
the crystaslline Z-axis, The remaining angular coordinate, ¢ is specified by
that direction within the crystal which yields the greatest ''effective non-
linearity.“3 This ¢irection happens tc be along the negative crystalline
y=axis for LiNbO3 as can bz seen in the relation:

d e = 4 } (15)

eff Sin Sm +d

cos 8 {sin39 -3 cosze

5 22 5in 8

where d22 is negative,

The actual form of the equation depends on the symmetry of the crystal.

tn the case of ''Barium Sodium Niobate," BanaNbEO!S, we have
& -
d =d,. Sind c052¢ +d,, sing sin2¢ (16)
eff 15 m 24 m
which is essentially independent of ¢ since
d]5 - dZQ (17




Tuning of a parametric oscillator may be achieved either by rotation of
the crystal, thereby, chanxing the phase matching direction, or, by varying
tn€ temperature of the crystal, which effects the relative magnitudes of the
extraordinary and ordanary6 indicies of refraction, The phase matching

direction, Gm, is then affected via Equations (14) and (15).

Rotation of the crystal is the most convenient means of tuning, but if
large angles are involved it introduces a source of ‘walk off'' for the three
beams due to the dispersive nature of the crystal. For large bandwidths,
temperature tuning is the most practical and allows for normal incidence
to the crystal for all three waves tnroughout the spectrum, However, it does
require the use of an oven having reasonable sensitivity and temperature
stability which,ultimately, tends to lessen the overa:l simplicity and
efficiency of the system,

A typical temperature tuning curve for a LiNbQ, down=converter is
shown in Figure 1. Notice that a 150°C temperature variation allows for
tuning between 1.4 and 4.0um. Approximately L509C variation would be required
for the full 1.0um = 5.0um range, Figure ! is representative in form of the
tuning curves of most uniaxial crystals, aithough the actual tuning rates
{with temperatures) wouid be a function of the individual crystal type.

It should he noted that requirements on the crystal oven stability are
a function of position on the tuning curve, Ncar degeneracy, the signal and
idler frequenciesare quite sensitive to temperature changes, whereas, far
from degeneracy they are relatively insensitive to temperature variations,

in point of fact, it is frequently possible tc achieve stable oscilla-
tions for frequencies far removed from degeneracy and phase matched near room
temperature without the aid of an oven,

A more exact discussion of temperature tuning would require specifying
the rrystai type. Data on the temperature variations og the indicies of
refraction of LiNbO3 may be obtained in the references.

THRESHOLD AND EFFICIENCY

The relevant practical aspects of a tunable parametric oscillator are
its threshold of oscillation and its conversion efficiency,

3

The formula for threshold is given by Boyd & Kleinman® as

1+ yE 8  S1°3
p. = { —-L “p —= (18)
™ { 0 -2 - 22,} gk 2 h 8,8
where
o b 22
- 128 f,%a -15 .
K = — 3 = 3,31 x 10 " esu (19)
n‘n2n3c'
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3= ( ) L 8¢ {20)
2
2
g = @ 2 {21)
3 o
£ = length of crystal
§{ = double refrasction angle
The function L depends on how far from ''degenerate’ operation

(1) 2(1-8)
0,, and w, are, and is a minimum - equal to unity - 3t degeneracy. The
quantlkseg are the single pass power losses at the signal and idler frequencies,
and k (88) is a complicated expression describing the combined effects of
focusing_and double refraction. According to the iiteratyre, k_ is 3 aear
constant’ varving by no more than 10Z from the value of 0 0220 for cryctals
between 3 mm and 1 cm under optimal focusing conditions.

For one percent losses at the signal and idler, one obtains a threshold
for Lithium Niobate of approximately 10 watts. This is very low compared to,
say, Raman Conversion which is on the orcer of 2 megawatts. Mode and phase
matching of the laser anag oscillator cavities usually raises this value some-~
what {50 watts -100 watts) depeading on many parameters. This is still. low,
however, for giant pulse operation or even for repetitively Q-switched
operation but tends to make (W operation difficult to achieva Hancs,
threshold is not the prime factor to be considered when discussing pulsed
parametric oscillators. Of more importance, for large bandwidth tuning is
the conversion efficiency as a function of frequency shift.

Consider the energy relation

w = wz - w3 (22)

or equ:valently the momentum relation

-+ -+
k, = k

-y
A (23)
w

At degeneracy wy Tw, = == S0 that for a3 G4um pump, we will obtain 2. 12um

h)
signal and idler. As we move away from degeneracy, Equation (22) must still
hold (if we are phase matched) so that, if our signal is at, say 3,0um, thte
idler will be at (letting n, = n, = n_ for convenience) ;

3

N

i = i
To6, 30, . (24)




or 1 =1.6%mn. Of course, there is rothing sacred about the nares sicnal
and idler. One could just as wzll make the 1.64%,m bean the surput “sigaal™
and the "jdler* at 3.0um simpiy by changing the oscillator refiectivities.
he isportent thing G consider here iS 1he energy reiarion, Sowaricn {4,
which may be resritten

an

- »
037=nc5 + n o

This simply ceans that each pump photon that splits into 2 signal 22d 22
idler photon at frequencies =y and m3 do2s sO 1n progortion to their
‘requencies. For our exzaple

{eoergy)s = =3 _ % _ 185~ 5 (25)
Energy), &, 33 3-°

The energy available at 3.0um will be 2pproximately one-half that a2t 1.6um
and will comprise only one third of the totsl energy in 211 three beams.

In general, the greater the frequency chift the less the conversion efficiency
by the very fact that 1t 1s = single photen process. ©F course, if the system
design permits use of both the signal and idler 2s the "output" such as near
or on cegeneracy, then the overall no-loss efficiency is effectiveiy doubled.
It should be noted that although we are considering a "single-photon* process,
other multiple photon processes are still present in the fona of noise (phase
matching prevents amplification of any but the desired interaction). These
“higher order” interactions tend to lower the overail efficiency by lessening
the number of pump photons availabie for the desired interaction. However,
such effects are minimal when operating well above threshold.

CRYSTALS

Tkere are many paramerers to be considered when choosing a non-linear
crystal. Some of the more obvious ones are:(1) Optical transparency over
the spectrum of interest; (2) A large effective non-linearity; (3) Phase
matching capability at reasonzble tempsratures over the full spectrum of
interest; (4) Relatively advanced crystai ¢rowing techniques which yield
sufficiently large and optically pure crvstals;(5) Freedom from water
solubility (non-hydroscopicj probiems; {6} Curie tempersture cutside of the
phase matching temperature range. There arc many crystals which meet some
or all of these requiremer.ts, and a brief review of these will follow.

Potassium Dihydrogen Phosohate (KDP)

This is one of the earlier crystais used in parametric and second
harmonic aeneration. However, its transmission spectrum is restricted to
the 0.22 and 1.5 um range, is water soluble and has a melting point of

L& pn
252._60¢C. Hence, it is a poor cancdidate for the 1.0 ur and 5.6 pm spectrum.

LiNbO., - Lithium Niobate
P

This material is the most commonly used no.-linear material at the

present time. Some of its parameters are listed in Table I.
o]




Tabie Properties of Lithium Hickate

Point Srovp Syametry 2w
Indicies of Refraciiom a 2.2237
(2t 1.0=, S7P) n_ = 2157
Ken-lin=ar Coefficients d3= =11.g+19= d!S
{relative to 636 of ¥5?7) 622 -63+2.6
é i¢7 = 20
33 7 107
Jransparency .5 - 5.0
Ceris Tesperature 1210%
Birefringence Regative Uniaxiel

Mcne

Ncrice the high Curie texperature, the large trensmission spectrum a2nd
the lack of any water solubility problexs. Also icportani, is the fact that
its non-linear ccefficients are approxizately 11 times that cf dyg of KOP.
(d3| and dy, are the relevant non-linear coefficients for Lih’b03.v (See Equa-
tion (15)) Two other characteristics of LiNb03 mignt be menticned. The
material nas a tendency o iorm trspping centers when illuminated in the
visible region of the spectrum. However, these effects disappear below 1.0,
Also, cbove 5580C the meterizl beginc to loose oxygen and discolcration sets
in. To prevent this, it is necessary to incorporate an oxygen flox systea
into the crystal oven. Fro= the systemas point of view, this would be quite
undesirable, hence the effective tuning range of the crystal would ke from
6G°C to spproximately 508°C. The former temperature is chosen so that the
systen is always above ambient, cbviating the need for 3 refrigeraticn

T wee

sysrem,

According to the previous sections, such a tesperature tuning range is
more than sufficient to phase match l,iHb03 over the entire 1.0 - 5.C pm
spectrum,

Single crystal Lihb0,
3s ion -1 cm~ 2 Gin,

o available commercially in sizes as large
£

1
o€ = H
At 3 ¢ matching on

.

cia
~lo
g2

BaZHaRbSO

- Barium Sodium Hiobate (*'Banara")

15

this is a very promising material, having larger non-iinear coefficients
than Liﬁb03. Some of its properties are listed in Tableii.




At . . s e o

ishle 11. Properties of Sarium Sodiem

Hiskaze.
Point Greup Symeiry o 2
indicies of Refraction = 2.262
§i.€5un S77) a =275
fon-linezr Coefficient d,=d. =17 %5
(relative to d_,, of KBP) T e a iz
35 32~ % T B EZ
d._. =21 =2
33 -
Trensporency o.pgm - <5 m
Curie Temperature 560°¢
Birefringence NHegative Uniaxial
Water Sole{iigy ligne

Although this crystal has twice the non-linearity of Likb03, its major
drawbzck is that it changes from Orthornambic to tetragon2l structure at
3000C and hence its usable tuning range would be restricted to 60°C - 300°C.
Other than this, the material is quite prozising. Sufficiently large crystals
<a2n be grown, althouch the percentage yield is stili less than Likb93. Al<o,
the a=mount of information available in the literature on "Banana" as s down-
converter is less then that for LiNb03. )
Ag3A553 - Proustite

—

This material has very high non-linear coefficients, as shoWn in Table
T, However, it is rather difficult to grow due to the hazards of arsenic
an¢ generally has pcor optical quality.

Table jii. Properties of Proustite.

r

Point Group Symretry 3=
{adicies of Refraction n_ =2.82

a2 = 7,33

e
tion~iinear Coefficients dzz =50
(relative to d36 of KDP) d3] = 30

0.6um ~ 13pm
Water Sclubility None
Birefringence Negative Uniaxial

iCc
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5“! .,Faxngé - Strontivn Bariom Mickare - “Straudbersy™

This material has exceliert nog-linezsr properties and is transparent
baoesn G.0zm - 6.0 pm.  §ts structure is & mm.  Hosewver, it is 2 poor
choice for very breadtzad parametric tuniag beczuce of its low Curie tempera-
tare 2387, TESIS &ic Scvsfel TEiics OF SA/te COTEICIaily cvai iadig, Ghe
curie temperature increzsing 2s the S2riem costent increzses. litimately,
Rawever, coz is limited By poor crystalline eptical guality 2t hich Barium
concentrations (minimm S»/8z = €.253).

BaTio3 - Barium Titanate

This meterial possesses guite high neo-lin=ar coefficieats as can Be
-

szzn Tehia W,
Fadle 1¥. Properties of Barium Titanate.
Poist Crowe Symmerry Bz
indicies Gf Refrection n = 2.537
o
n_ = 2.365
e
Hon-linear Cocfficients 85 Ty =355
(relative to d3¢ KBP) € = 432 =37+3 .
e, =151
33 =
Transparency
Curie Temperature lzo°c -
girerringence Regative Uniaxial
Water solubility #one
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LiTaﬁB - cizhiun Tentalaze

s -
ome e

= ioring properties {see

{

S i3 3 yify Oronisiog meterial

T2ble . Preperties of Lithioe Tamialate.

i
Stnuctore - Shonbohedral 3m
Indicies of Refraction n =215
ol = 2155
e
Hom-linear Coefficisnis d3i ~ 13
(relative to 635 KBP) ¢, ~55
g
Oprical Transwission 0.5 - 5 S-m
Curie Tesperature 616°C
Birefringence Pesitive
Water Scoicdilicy licne

LiTaO3 seexs to have excellent optical damage charecteristics, bring
two to three orders of macnitude higher than the threskold for LilDD
(25 Wi/cat). However, little information is availabie on the phase matching
characteristics of the material cver thel.5 - £.0 gm. it is possibie
that the small difference belween the extra-ordinaiy 2ad ordinary indicies

of refraction would prevent phase m2atching at aay aagle for large frequency
<hifts.

There are many sore cryctals in which parasetric interactions can take
place, but ail khave soze =ajor disadvantage such as a restricted tuning range
or 3 los non-linearity. At the preseat state of the art, LikbD, is generally
considered to be the best cryst~1 for large bandsidth tuning.

OSCILLATCR DESIGHS

—_

tric frequency conversion, which have been discussed in the literature. l”: ,8
Figure 2 shows sc=e of these schemes. Configuratics or design is

There are severai expericentai techniques for achieving optical paraze

LC3ign i35 the s55¢
basic approach wherein the puyp wave is simply iniected into the oscillator
cavity through the 1C0% mirror. Although the most popular design, it
frequently suffers frca severe mirror damage problexs at high input pusp
powers, This is 2 consequence of the relative difTiculty, 2lthowush techni-

cally achievable at the present timz, of obtaiaing good optical quality multi-
j Evr e dial‘-&':

Isyes ectric miTyor costings which reflect strongly st the signai and
idler wavelengths and transmit at the pump wavelength.

Further, large bandwidth reguirements (1.0 - 5.0umy wculd require several
sets of mirrors (multilayer type} in order to cover the full spectrum.
Typically, the higher the reflectivity, the narrower the bandwidth of the
mirror so that the 100% oscillator mirrors would pe quite restricted in band-
width, especially if they are doubly resonant.

12
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Desicn B eliminates the wmircror dansge prodblem at the imput 5y us

SF s rg &
COHSAH Cov Ety For bors: izcar 2nd .,,....an.. However, tihis introduces the

aZded complication of a dispersive a2nd most likely, absorptive material

into the osciliator cavity. 1Ia face, such 2 design is mot compatible with Kd:
glass or Nd: YAE since ths necdymiun icn Has cSsorption belar 1.35. (It showld
be remenbered that if the signsl (cr idler) ics tuned near the las frequency

and of the spectiun (5.0sx), the canmacmical wave (idler or sign2i) will appreach
the pup wavelength (1.05 z))  (See Figure 1) Hence, a2 douliy resonant
intra-cavity system would be somexnat restricied in bandwidth,

Desicn € is eiGgee in that it takes advaentage of the fact thatr the signal
and the idler waves are orthogonzliy polarized to the puzp wave. A Glan~-
Thoapscean prism allows for efficient injection of the pump beam into the
czcitlator cavity while permitting almost loss free resonznce of the signal
and idier waves. Tnhere is a siight disadvantage here duve to the dispersive
nature of the prism, which tends to upset the phase 2nd mode
matching characteristics of the oscillator cavity. In principle, however,
it is guite promising.

Besign D is 2 singly resonant system, meaning only the signal or idler
sees a resonant cavity. This aporoach, introduced By Faulk and Hurrey” as a
Hon=Collinear Oscillator takes advantage of the double refraction properties
of the crystal. In general, Tor such a crystal, the direction of propagatica
is not the saxe as the energy fiow direction § (Poynting Vector), due to the
anistropic nature of the cedius. Uader normal phase matching, k'] (signal)
k3 (idler) and Ky(pu=p) are 21l Coliinear or parallel. ia the Faulk and
Hurrey scheze, l?z (idler) and S {pu=p) are collinear which alloss Yor a greater
interaction length for the cnergy flov vector SZ 2nd k3 {idler) (or 52 (idler))
since the idler is an ordinary wave, and therefore, k and S are paraliel.
Efficiencies up to Lb67% have been reported using this scheme.
Finally, design £ uriiizes rescnant reflectors in ordgs to obviate mirror
damage problems. As well known, stacked resonant reflectors are simply
plane parallel dielectr:c plates which when illuminated coherently, may yield
very high refiectivities (99%) depending upon the index of refraction of the
material and the number of plates used. They also have a very irreguiar
reflectivity vs freguency curve which seldcm goes to zero anywhere in the
spectrum. This results in a high average reflectivity over a bandwidth
limited only by the transmission spectrum of the waterial. Hence, the signail
idler and pump may be made to resonate from one reflector throughout the
entire tuning range oi the osciliator. Hoderate broadband coatings of both
mirrors could tnen be used to isolate the two cavities. All of these
oscillator designs would require the use of optical materials which are highiy
transparent over the 1 Ou - 5.0 spectrum. There are many 'windos' materials

-u rn

which zre Zrantperent in their region, but & iarge percentage of these are
hygroscopic (water soluble) in nature. Sapphire is a non-hvgroscopic,
extremely hard material which is transparent out to 6.0. It is also anistropic

56 that consideration must be given to the crystal axis orientation relative
to the polarization of the three waves. Of course, zero degree orientation
of the € axis relative to the dirsction of propagation will sliminate any
polarization effects. Some properties of Sapphire and other materials, Wh{fh
might be applicable,may be found in Kruse, et al,9 Harshaw,lo and Isomet.
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Fecusing of the pump beam in the crystzl is a coazonly used technique
to raise the power density of the num Care zuct he exerciced here,
Lowover, 50 thac the power Censity d0es nGi reach the Gamage thresnoid of the
non~linear crystal. |In the case of Lilb0z, this valuve is generally
accepted to be on the order of 2.5 - 5.0} wifa=?. A giant pulse laser with
a 1 s=m wode diameter 1s already near this valee, so that it is ususlly risky
to esploy focusing 1n such systexs. iHowever, it may be used advantagaously
in 2 high repetition rate, @-switcned systen where peak “pup' powers are
on the order of one kilowatt. 3uch fucosing will naturally reduce the total
interactica length of the three waves. but this is ccopensated for by the
increased power density of the pusp. An "oo'lisum Tocusing" condition, which
involves a coopromise between interaction length and focused spot size, is
discussed extensively in the literature.

BODE OF JPERATION

A paraseiric Gown-converter may be made to Foliow any mode of operaticn
of the pu=mp laser. These might include the (W, giant pulse or repetitively
Q-switched modes. OFf course, CW operation is the most difficult to achieve
beczuse of the high oscillator thresheld, 2lthough it is not entirely
impracticai. Giant pulse operation is the most efficient since the osciliator
is workeing above,threshold. Such a device bas been designed and built under
US Army contract for down-conversion to 1.5Lum. Conversion efficiencies on
the order of 10% were achieved. This design did not utilize focusing of the
pusp but rather injected the pump beam directly into the oscillator cavity
and crystal. A large Liﬂbﬂ3 crystal, two centimeters in length,was used to
obtain a long interaction path.

High repetition rate {kiiz) Q~switched Nd:YAG has also been used as a
pump. Here, peak powers on the order of one kilowatt are still far above
threshold for the oscillator. Ayerage powers of 40 milliwatts at 2.13 pm
(degenieracy) have been reported. 2 1a this scheme, focusing was accomplished
with a 10 cm lens into a 3.5 mm long crystal. The repetition rate was
2 kHz with a peak pump pulse power of 1 i and a 200 ms pulse haif width.

An average power conversion efficiency of approximately 10% was obtained.

CONCLUSICHS

Parametric oscillators tunable over the 1.0pum ~ 5.0um spectrum are
oresently quite feasible. There are no major restrictions on the mode of
operation of these devices, so that they are essentially as versatile as the
pump iaser.

The pump laser may be operated single or multi-mode, Q-switched or CW,
and still be compatible with the parametric oscillator requirements. In all
cases, however, the pump beam shouid be polarized so that it satisfies the
phase matching requirements most effectively and should not exceed the
damage threshold of the crystal. Nd:YAG is the best choice for high repeti-
tion rate or CW operation, whereas, Nd: Glass, with its broad 100 R inhomo=
genance fluorescent laser line, is the best choice for high power work.
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Optical components should be transparent throughout the spectrum of
-interest .- monehvgroscopic. and with a high resistance ‘to optical damage.
Sapphire is a premising choice here. Glass and quartz, the- most common
materials for optical components, begin to absorb near 3.0um and so must
be ruled out. Anti-reflection coatings, as well as moderate reflectively
coatings, may be utilized over much of the spectrum to optimize the system,

Marrow band, multi-layer dieicctric mirrors are not practicel to use
nor easy to make for such a large tuning range. Instead,braodband
resonant reflectors or total internal reflection prisms should be used,

LiNB0, crystals cast in accordance with phase matchung requirements are
readily avgulable comercially,

crvstal ovens mav also be purchased or designed specifically to match

a2 particular system

J = —ice

P s le o

Expected conversion efficiencies are on the order of 10% for small
frequency shifts falling off as the ratio of wavelengths for higher shifts.
Assuming a pump laser efficiency of approximately 1%, an overall system
efficiency of 0.1% at the signal wavelength should be realizable,
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